Blooms of toxic dinoflagellates can co-occur with mass mortality events associated with herpesvirus OsHV-1 μVar infection that have been decimating Pacific oyster Crassostrea gigas spat and juveniles every summer since 2008 in France. This study investigated the possible effect of a harmful dinoflagellate, Alexandrium catenella, a producer of Paralytic Shellfish Toxins (PSTs), upon the oyster spat-herpesvirus interaction. Oyster spat from a hatchery were challenged by cohabitation with oysters contaminated in the field with OsHV-1 μVar and possibly other pathogens. Simultaneously, the oysters were exposed to cultured A. catenella. Infection with OsHV-1 μVar and PST accumulation were measured after 4 days of experimental exposure.
Despite the importance of OsHV-1µVar in oyster mortality events in France and the repeated 104 co-occurrence with harmful algal blooms, to the best of our knowledge, the effect of toxic 105 algal exposure upon the oyster spat -herpesvirus interaction has not been described. 106
The aim of this study was, thus, to assess if and how exposure to the toxic dinoflagellate, A. 107 catenella could modulate the host-pathogen interaction, i.e. oyster spat -herpesvirus 108 interaction. For this purpose, oyster spat naïve from herpesvirus (Specific Pathogen-Free, 109 SPF) were exposed simultaneously to cultured A. catenella (at realistic concentrations 110 compared to the field) and challenged with herpesvirus and possible other pathogenic agents 111 associated with mortality events. 112 7 2 Material and methods 113
Algal cultures 114
Tisochrysis lutea (Bendif & Probert) (T-Iso) was used as the diet during acclimation and 115 maintenance stages at 5 × 10 5 cells mL -1 . T-Iso was cultured in 300-L cylinders containing 116 seawater enriched with Conway medium (Walne, 1966) 2012/Mortalite-par-site-et-par-classe-d-age). After 3 weeks in the field (i.e. July 2 nd , 2012), 149 detection of OsHV-1 DNA in experimental oysters was confirmed by qPCR (following the 150 procedure described below), and oysters were transferred to the experimental facilities. 151
Oysters were held for three days before the beginning of the experiment in two tanks supplied 152
with an open flow of 1-µm-filtered seawater treated with UV, at 20°C, and fed continuously 153 with T-Iso at 3-5 × 10 5 cell mL -1 . One hundred and eighty field-exposed oysters then were 154 used to challenge SPF oysters by cohabitation, as described below, and were also analyzed 155 (designated as "field-exposed oysters"). The same number of SPF oysters was maintained in9 two other tanks in the same conditions, and these oysters were used for cohabitation with 157 unchallenged oysters. 158 159
Experimental design 160
On June 25 th , 2012, SPF oysters were distributed in 15-L tanks (30 oysters per tank, 12 tanks) 161 and acclimated for 10 days being fed T-Iso. At the end of this acclimation period, on July 5 th 162 (T 0 ), 30 field-exposed oysters per tank, held in a net, were added to six of these tanks. The 163 SPF oysters that were thus maintained in cohabitation with the field-exposed oysters were 164 designated as "challenged". In the six other tanks, 30 other SPF oysters per tank, held in a net, 165
were added to establish the same number of oysters in each tank. The oysters in these tanks 166 were designated as "unchallenged". In addition, 3 "challenged" tanks and 3 "unchallenged" 167 tanks were exposed continuously to 3.5 × 10 2 cells mL -1 of the toxic dinoflagellate A. 168 catenella; whereas, the other tanks were exposed to the same concentration of the control, 169 non-toxic dinoflagellate, H. triquetra. 170
Experimental design is summarized in Figure 1 . Four experimental conditions were used: A. 171 catenella exposure and challenged oysters (condition 1); A. catenella exposure and 172 unchallenged oysters (condition 2); non-toxic algal exposure and challenged oysters 173 (condition 3); non-toxic algal exposure and unchallenged oysters (condition 4). 174
A similar cohabitation design previously has been demonstrated to successfully infect SPF 175 oysters with the pathogenic agents responsible for mass mortality, including OsHV-1µVar 176 (Petton et al., 2013) . 177
During the entire experiment, 1-µm-filtered and UV-treated seawater was supplied to the 178 tanks (10-15 mL min -1 , i.e. one tank renewal every 24h) with aeration at 20°C, a temperature 179 favorable for OsHV-1µVar transmission (Petton et al., 2013) . 180 181
Sampling 182
Oysters were sampled at the end of the acclimation period, i.e. before the beginning of the 183 experiment (T 0 ), and after four days (T 4 ). At T 0, 12 field exposed-oysters, 12 SPF oysters from 184 "unchallenged" tanks (2 per tank), and 12 SPF oysters from "challenged" tanks (2 per tank) 185 were sampled. At T 4 , 72 unchallenged oysters (12 per tank), 72 challenged oysters (12 per 186 tank), and 72 field-exposed oysters from "challenged" tanks (12 per tank) were sampled. 187
Mantle and digestive gland were sampled for herpesvirus and toxin quantification, 188 respectively, and tissue samples were frozen immediately in liquid nitrogen before being 189 stored at -80°C prior to quantification. OsHV-1 DNA was quantified in the mantle at the end of the acclimation period (T 0 ) (before 197 algal exposure and cohabitation challenge) in 2 SPF oysters per tank, which were designated 198 to be challenged (i.e. 12 oysters) and 1 oyster per tank designated to remain unchallenged (i.e. 199 6 oysters) to confirm oysters were not contaminated at the beginning of the experiment. 200
Additionally, 11 field-exposed oysters were also analyzed at T 0 to confirm that contamination 201 occurred in the field. After four days of the experiment, OsHV-1 quantification was performed 202 in 36 and 35 challenged oysters exposed to H. triquetra and A. catenella, respectively (11-12 203 oysters per tank), in 23 and 24 field-exposed oysters exposed to H. triquetra and A. catenella, 204 respectively (7-8 oysters per tank); and in 3 unchallenged oysters per algal condition (one per 205 tank) as these oysters were not expected to be contaminated. Analysis also was performed for 206 25 of the 27 field-exposed oysters and for all the 5 challenged oysters that died over the 207 course of the experiment. Results were expressed as number of OsHV-1 DNA copies ng -1 total DNA. In addition, 237 quantification expressed as OsHV-1 DNA copies mg -1 of wet mantle was determined. 238
Correlation between both ways of expressing OsHV1 DNA quantification was verified 239 (Pearson product moment correlation, p<0.001, correlation coefficient = 0.98, n=269). 240
The following criteria were used to consider OsHV-1 detection as positive: Ct<38 and a Tm 241 corresponding to OsHV-1 DNA amplicon (77.5°C). When OsHV-1 DNA concentration in 242 13 samples considered as positive were below the detection limit (i.e. Ct sample >Ct standards ), a 243 numerical value of 0 was given for quantification. 244 245
Identification of OsHV-1µVar 246
The standard qPCR method used to quantify OsHV-1 DNA cannot differentiate the OsHV-1 247 reference from OsHV-1 µVar genotype. Therefore, sequencing of 2 regions of OsHV-1 DNA 248 amplified with C2/C6 and IA1/IA2 primer pairs was performed following the procedure 249 described by Segarra et al. (2010) . This analysis was performed on DNA extracted from the 250 mantle of 10 individuals, including both field-exposed and challenged oysters, exposed to 251 both algal treatments, alive and dead. 
Toxin accumulation 259
Three SPF oysters at T 0 and 3 oysters exposed to the non toxic H. triquetra and not previously 260
held in the field were tested to ensure that no PST was detected. 23 challenged and 23 261 unchallenged-oysters (7-8 oysters per tank) were analyzed after 4 days of A. catenella-262 exposure. Twelve field-exposed oysters also were analyzed for toxin accumulation at T 0 , as 263 14 well as 12 field-exposed oysters from each algal treatment at T 4 (4 oysters per tank), PST 264 analysis also was performed after A. catenella exposure on 8 of the 12 dead field-exposed 265 oysters, and in the 3 dead oysters unexposed to the field. 266
PST accumulation was assessed using the Saxitoxin (PSP) ELISA kit (Abraxis), as in 267 Lassudrie et al. (2015) . PST extraction was performed following manufacturer instructions: 268 digestive gland tissue was homogenized in HCl 0.1 M (1:1, w:v) using a Precellys®24 bead-269 grinder and then boiled for 5 min, leading to acid hydrolysis that can induce chemical 270 conversion of some PST analogues to STX (Vale et al., 2008 Cumulative mortality (Figure 2 ) accounted for 16.7% and 13.3% of field-exposed oysters 300 after 4 days of exposure to H. triquetra and A. catenella, respectively. After 4 days of the 301 experiment, 3.3% and 2.2% mortality was found in challenged oysters exposed to H. triquetra 302 and A. catenella, respectively; whereas 2.8% and 0.6% mortality were found in unchallenged 303 oysters exposed to H. triquetra and A. catenella, respectively. Cumulative mortality was 304 significantly higher (p<0.05) in field-exposed oysters compared to unchallenged oysters fed 305 both A. catenella and H. triquetra, and challenged-oysters fed A. catenella. Cumulative 306 mortality in field-exposed oysters, however, did not differ significantly from cumulative 307 mortality in challenged oysters fed H. triquetra. 308 309
OsHV-1 DNA detection and quantification 310
Within the dead oysters: 311
OsHV-1 DNA was detected in 100% of the dead oysters, either previously exposed to the field 312 (1.1 ± 0.2 × 10 6 copies ng -1 total DNA, equivalent to 2.5 ± 0.5 × 10 9 copies mg -1 of wet 313 mantle, n=25) or challenged (1.0 ± 1.0 × 10 5 copies ng -1 total DNA, equivalent to 2.0 ± 2.0 × 314 10 8 copies mg -1 of wet mantle, n=5). In dead, unchallenged oysters, OsHV-1 was detected in 3 315 of 4 oysters, but only at low intensity levels (between 6.6 × 10 0 and 2.9 × 10 2 copies ng -1 total 316 DNA). 317
Within live oysters: 318
OsHV-1 DNA was not detected in SPF oysters sampled at the end of the acclimation period 319 (T 0 ; n=12 oysters from tanks designated to be challenged and n=6 oysters from tanks 320 designated to remain unchallenged) or in unchallenged oysters sampled after 4 days of 321 experimental treatment (n=6). 322
OsHV-1 DNA was detected in all field-exposed oysters sampled at T 0 (n=11), with a mean of 323 4.9 ± 3.0 10 5 copies ng -1 total DNA in mantle (1.2 ± 0.8 10 9 copies mg -1 of wet mantle) (N.B: 324 field-exposed oysters were unintentionally exposed to a natural, unexpected A. minutum 325 bloom). In field-exposed oysters, prevalence did not decrease significantly between T 0 and 326 after 4 days of experiment (98%, n=47) and did not vary significantly with experimental algal 327 exposure. OsHV-1 infection intensity in field-exposed oysters, however, decreased 328 significantly between T 0 and after 4 days of A. catenella exposure (p<0.05) (9.6 ± 9.2 × 10 2 329 copies ng -1 total DNA, or 2.7 ± 2.5 × 10 6 copies mg -1 of wet mantle, n=23), but not after H. 330 triquetra exposure (1.4 ± 0.8 × 10 5 copies ng -1 total DNA or 4.4 ± 2.5 × 10 8 copies mg -1 of 331 wet mantle, n=23). Therefore, OsHV-1 intensity level was significantly lower in field-exposed 332 oysters exposed to A. catenella compared to field-exposed oysters exposed to H. triquetra 333 (p<0.05). 334
In challenged oysters, at T 4 , OsHV-1 prevalence was significantly lower (p<0.05) after 335 exposure to A. catenella (29%) compared to H. triquetra (58%, Figure 3A) . OsHV-1 infection 336 intensity (i.e. OsHV-1 DNA quantification considering only oysters detected positive to 337
OsHV-1) tended to be lower in A. catenella-exposed oysters with 7.0 ± 5.6 × 10 2 copies ng -1 338 total DNA (or 1.9 ± 1.5 × 10 6 copies mg -1 of wet mantle, n=10), compared to 2.8 ± 2.5 × 10 4 339 copies ng -1 total DNA (or 6.4 ± 5.6 × 10 7 copies mg -1 of wet mantle, n=21) in oysters exposed 340 to H. triquetra, although no significant difference was detected ( Figure 3B ). Finally, a 341 significantly lower OsHV-1 weighted prevalence (i.e. mean of OsHV-1 DNA quantification in 342 oysters, considering OsHV-1-positive and OsHV-1-negative oysters) was detected in A. 343 catenella-exposed oysters (p<0.05) (2.0 ± 1.6 × 10 2 copies ng -1 total DNA or 5.4 ± 4.5 × 10 5 344 copies mg -1 of wet mantle, n=35) compared to oysters exposed to the non-toxic H. triquetra 345 (1.6 ± 1.5 × 10 4 copies ng -1 total DNA or 3.7 ± 3.3 × 10 7 copies mg -1 of wet mantle, n=36) 346 ( Figure 3B) . 347 348
Toxin accumulation 349
No PST was detected in digestive glands of SPF oysters sampled at T 0 (n=3) and after 4 days 350 exposure to the non toxic dinoflagellate H. triquetra (n=3). 351
In field-exposed oysters, PST level at T 0 was 8.8 ± 1.3 × 10 3 µg STX kg -1 (n=12) due to a 352 natural, unexpected A. minutum bloom. PST level decreased significantly more after 4 days of 353 H. triquetra exposure (2.9 ± 0.6 × 10 3 µg STX kg -1 ; n=12) than after A. catenella exposure 354 (5.3 ± 0.4 × 10 3 µg STX kg -1 ; n=12) (p<0.01). 355
After 4 days of A. catenella exposure, significantly lower PST accumulation (p<0.05) was 356 detected in digestive gland of challenged oysters (3.6 ± 0.6 × 10 2 µg STX kg -1 , n=23) 357 compared to unchallenged oysters (6.9 ± 1.1 × 10 2 µg STX kg -1 , n=23) (Figure 4) . 358
PSTs were not detected in the 3 dead oysters exposed to A. catenella (2 challenged and 1 359 unchallenged, dead after 3 days of experiment) that were analyzed, whereas 9.7 ± 2.1 × 10 3 360 µg STX kg -1 were detected after A. catenella exposure in field-exposed oysters that died 361 during the experiment (previously exposed to a natural, unexpected A. minutum bloom in the 362 field) (n=8). kinetics. Cumulative mortality observed in the present study was in a similar range to that 377 reported by Petton et al. (2013) , who observed no mortality in challenged oysters and ~8% in 378 field-exposed oysters after 4 days at 17.5°C. Cumulative mortality observed in our study, 379 however, was lower than that observed after 4 days at 21.9°C by Petton et al. (2013) , who 380 reported ~20% mortality in challenged oysters and 40% in field-exposed oysters. These 381 authors also observed higher mortality in oyster spat previously held in the field during mass 382 mortality events than in challenged oysters, which is consistent with our study. All oysters 383 exposed to the field or challenged by cohabitation with field-exposed oysters that died during 384 the experiment were infected with OsHV-1. Some dead, unchallenged oysters contained very 385 low levels of OsHV-1 DNA. Seawater supplied, however, was sterilized by UV treatment, 386 21 suggesting that a low cross-contamination between tanks may have occurred through aerosols. 387
The very low intensity detected in dead, unchallenged oysters (≤ 2.9 × 10 2 copies ng -1 total 388 DNA), compared with dead, field-exposed or challenged oysters (10 5 to 10 6 copies ng -1 total 389 DNA) indicated that death was not related to OsHV-1 infection. Additionally, contamination 390
was not detected in any of the live, unchallenged oysters analyzed throughout the experiment, 391 suggesting a minor impact of putative cross-contamination. 392
The relatively low infective biomass (i.e. field-exposed oysters) used, and the short 393 cohabitation time limited mortality in challenged oysters (for more information about 394 influence of infective biomass and duration of cohabitation see Petton et al., 2015) . These 395 conditions were implemented to allow the study of live oysters containing sub-lethal levels of 396
OsHV-1µVar, based upon results reported by Petton et al. (2013). These authors detected 397
OsHV-1 DNA in 50% of oysters challenged for 3 days at 21.9°C, a result consistent with the 398 58% detection found in the present study in challenged oysters exposed to the non-toxic 399 dinoflagellate for 4 days, at 20°C. properties or exopolymers that may enhance algal cell sinking and degradation (see review of 479 Doucette, 1995). In addition, when subjected to a stress, some dinoflagellates, including 480 Alexandrium sp., are able to rapidly form temporary cysts, which can still be ingested by filter 481 feeders; however, impenetrable cyst walls protect them from being digested and thus limit 482 François, C., Joly, J., Garcia, C., Miossec, L., Saulnier, D., Pépin, J.F., Arzul, I., Omnes, E., 572 Tourbiez, D., Haffner, P., Chollet, B., Robert, M., Cobret, L., Renault, T., Rauflet, F., Le 573
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